Laboratory studies investigated the influence of dissolved oxygen tension (DOT) on microbial degradation of hexadecane in cultures with sediment-seawater suspensions. With a fermentor system, it was possible to adjust and regulate different oxic conditions (DOTs between 0.4 and 80%o of oxygen saturation) as well as anoxia. The effects of DOT reduction on the amount and rate of hexadecane degraded and on the degree of mineralization and on the production of biomass were investigated. When the DOT was reduced from 80% to 5%, no dependence of the investigated parameters on the oxygen concentration was found. The amount of hexadecane degraded was constant, with an average value of 86% of the initially applied amount. The degradation rate was constant even down to 1% DOT, with an average value of 0.15 mg of hexadecane per g of sediment per h (16.2 mg liter-' h-1). The mean degree of mineralization was 70%o of the initially applied hexadecane, and biomass production reached a value of about 1.5 g per g of hexadecane consumed. A significant influence on the degradation process was detected only with DOTs below 1%. The degree of mineralization and the amount of degraded hexadecane decreased, whereas the degradation rate was still unaffected. Under anoxic conditions, no hexadecane degradation occurred within 190 h. The fact that the hexadecane biodegradation rate was constant down to at least 0.4% DOT shows that the actual oxygen concentration is of minor importance as long as the oxygen supply is high enough to guarantee the oxygen-dependent degradation step.
Petroleum hydrocarbons are well suited to biological treatment. Consequently, in situ remediation has been applied most frequently to this type of contamination. In oil-polluted marine intertidal sediments, in which mechanical removal of oil and other reclamation technologies are not feasible, bioremediation is the only alternative. The degree and rate of hydrocarbon biodegradation are influenced by a variety of parameters, such as temperature, nutrient content, pH, and availability of oxygen (4, 6, 11, 12, 17, 18, 22, 27, 37) . In sediment and soil, the oxygen content decreases with decreasing grain size and increasing moisture content. Especially in muddy sediments, oxygen is often limited and penetrates only millimeters or centimeters (2, 20) . To assess the effectiveness of microbial degradation of hydrocarbons and to support remediation of sediment, the influence of different oxygen concentrations has to be investigated. For these investigations the saturated hydrocarbon n-hexadecane is well suited as a model substance. Under aerobic conditions, oxygen in the form of 02 is required for the initial degradation step (7, 10, 33, 35) . Degradation of n-alkane to alkene by dehydrogenation under anaerobic conditions was suggested but is controversial because of the thermodynamic problems involved (3, 32) . Anaerobic oxidation of hexadecane by a sulfate-reducing bacterium was described recently (1) . The anaerobic degradation rates reported were very slow and far beyond the time scale of biotechnical restoration or microbial remediation strategies.
The objective of this study was to evaluate the influence of different dissolved oxygen tensions (DOTs) on microbial mineralization of hexadecane. Laboratory studies were conducted with artificially contaminated marine sediment in a seawater suspension (11% [vol/vol] sediment) containing the indigenous microbial community. The dissolved oxygen concentration was kept constant between 80 and 0.4% DOT. In this paper we describe the degradation and mineralization rates of hexadecane and the production of biomass as functions of the DOT.
MATERIALS AND METHODS
Sediment and sediment treatment. The sediment used in this study was taken from the German Wadden Sea in the Jadebusen Bay. Grain size was analyzed by the Senckenberg Institute, Wilhelmshaven, Germany. The grain size distribution was 14.8% clay, 44.6% silt, and 40.7% sand. Before the sediment was used in the experiments, it was air dried, sieved, and homogenized. The sediment was treated with hexadecane (10 ml per 100 g of sediment) and a larger amount of pentane (sufficient to form a slurry with the dry sediment material). After thorough mixing, the pentane was evaporated exhaustively in a rotation evaporator (60°C) and the sediment was dried for 12 h at 60°C. Gas chromatographic analysis showed a hexadecane concentration of 61.2 g per kg of sediment. The coated sediment was stored in sterile bottles at 4°C.
Microorganisms and precultures. All cultures contained the autochthonous population of microorganisms from the intertidal sediment. In addition, the cultures were inoculated with hexadecane-adapted microorganisms. To obtain this adapted population, 50 g of wet sediment (taken from a basin in which mudflat conditions are simulated) was mixed with 56.4 ml of artifical seawater (23) (26) .
Culture conditions. The fermentations were performed with 11% (vol/vol) dried sediment in artificial seawater (23) .
Hexadecane-coated sediment was mixed with uncoated sediment, resulting in an initial hexadecane concentration of 1.2 g per liter of sediment-seawater suspension. Nitrogen (nitrate or ammonia) and phosphate were added separately at a concentration recommended by Gibbs (16) : 60 mg of N and 6 mg of P for the degradation of 1 g of hydrocarbon. Previous investigations had confirmed that these concentrations are high enough to avoid N and P limitation (18) . In the range of 80 to 5% DOT, NaNO3 was used as the nitrogen source. In the range of 0 to 5% DOT, it was replaced by (NH4)2SO4 to avoid denitrifying hexadecane degradation. Vitamins specified by Schlegel (34) and mineral salts specified by the Deutsche Sammlung von Mikroorganismen (13) were added as supplements. The concentration of inoculated hexadecane-adapted microorganisms was 5 x 107 cells per ml. The agitation (600 rpm), temperature (20°C), and nitrogen gas flow (50 or 100 ml min-) were kept constant. The pH was adjusted to 7. Aerobic reference fermentations with sterile sediment were performed to ensure that all hexadecane losses were due to microbial degradation and not to other effects like stripping.
Gas analysis. The amount of air in the gas influent was measured on line (gas flow meters and controllers, mass flow control instrument type MFC F-201 A Hi-Tec; Bronkhorst), and the percentages Of 02 and CO2 were calculated. The CO2 concentration of the gas effluent was recorded on line by an infrared detector (Unor 6N; Maihak, Hamburg, Germany).
The 02 concentration in the gas effluent was analyzed in gas samples (40 ml) taken with a gas-proof syringe and analyzed in a Shimadzu GC 8A gas chromatograph equipped with a heat conductivity detector and a capillary column packed with Propac QS (100/120 MESH). The carrier gas was helium-4.6, and the gas flow rate was 40 ml min-'. The temperature of injector and detector was 150°C, and the column temperature was 50°C. The injected sample volume was 0.25 ml. Integration was performed with a Shimadzu Chromatopac C-E1B integrator.
n-Hexadecane determination. Hexadecane concentrations were determined by gas chromatography after extraction with n-hexane. A sample (10 ml) taken from the sediment suspension was mixed with an equal volume of hexane containing n-tetradecane as an internal standard, vigorously shaken, and centrifuged. Two milliliters of this supernatant was filled up to 10 ml with hexane and analyzed in a gas chromatograph (Perkin-Elmer 8310) under the following conditions: column packed with Chromosorb W-HP (80/100, 3% OV 101); carrier gas, nitrogen-5.0; gas flow rate, 38 ml min-m; injector temperature, 270°C; flame ionization detector temperature, 290°C; oven temperature, 120 to 140°C with a ramp rate of 10°C min-', 140 to 270°C with a ramp rate of 30°C min-1, and then 1 min at 270°C. The injection volume was 1 ,ul.
Protein determination. A variety of methods for determining biomass production of microorganisms in cultures with hydrocarbon as a substrate are discussed in the literature. Comparison of several of these methods indicates that none produces satisfactory results (14, 21, 25, 29, 31, 36) . For the present investigations, the determination of the total protein content of the suspension was considered to be the most appropriate method. Samples (1 to 2 ml) of the sediment suspension were centrifuged, and the pellets were treated as described by Oberbremer and Muller-Hurtig (30) . To test the recovery efficiency of protein in the sediment suspension, serum albumin and/or defined amounts of mixed bacterial populations were added. After the cultures were mixed and incubated for several hours (20°C, 100 rpm), the recovery efficiency ranged between 90 and 110%. The protein concentration was determined in pretreated pellets as described by Bradford (9 sediment). The actual hexadecane concentration of each culture was set to 100%.
There was no difference in the hexadecane degradation capacities of cultures with various DOTs in the range of 1 to 80% (Fig. 1) . After 7 days of incubation, the final concentration of hexadecane ranged from 0.1 to 0.3 g liter-1. That means that 78 to 93% (mean value, 86%) of the hexadecane quantity initially provided was degraded. An influence on the degree of degradation was found only with a DOT of 0.4%, the final concentration was 0.5 g liter-', and 62% of the originally applied hexadecane was degraded within the incubation time. No degradation was observed under anaerobic conditions.
The expected corresponding influence of the DOT on the hexadecane degradation rate was not detected. In the range of 0.4 to 80% DOT, a constant degradation rate of 16.2 mg liter-' h-1 was obtained. Calculated with respect to the dry weight of the sediment (11%, vol/vol), the maximum degradation rate was 3.6 g of hexadecane per kg of sediment per day.
Another effect of low DOT (0.4%) was the noticeably expanded lag phase of more than 100 h, compared with lag phases of about 20 about 0.3 g of protein per g of hexadecane consumed was obtained. This value was only higher at a DOT of 1%, which yielded about 0.6 g of protein per g of hexadecane consumed. Careful checking of the method indicated that this value was not caused by experimental artifacts.
Respiration metabolism. The use of fermentors allowed us to determine the volumetric oxygen consumption (grams per liter of suspension) and the carbon dioxide production (grams per liter) during growth. Oxygen consumption (Fig.  2a) and carbon dioxide production (Fig. 2b) were independent of the DOT within the range of 80 to 1.0%. An influence was found only at a DOT of 0.4%, in which case the oxygen consumption and the carbon dioxide production were reduced; the carbon dioxide production was affected considerably more than was oxygen consumption. Neither CO2 production nor 02 consumption was detected under anaerobic conditions (Fig. 2) .
The oxygen consumption curves and CO2 production curves of the cultures with 1 to 80% DOT have parallel slopes (Fig. 2) , which means that hexadecane is oxidized at APPL. ENvIRON. MICROBIOL. sumed) indicated that more hexadecane is converted to biomass at DOTs below 5% than at DOTs of 5 to 80% (Fig.  4) . DISCUSSION a constant stoichiometric rate in these cultures. Control cultures were used to find out to what extent oxygen consumption and carbon dioxide production were due to indigenous carbon in the sediment or to added hexadecane. In the absence of hexadecane, the°2 consumption ranged below 0.1 g liter-1 and the CO2 production was below 0.04 g liter-1. This negligible metabolic activity was probably due to the fact that the sediment had been exhausted by storage for several months.
Since the main metabolic activity of the cultures was due to hexadecane metabolism, the respiration coefficient (RQ) was a good measure for estimating the oxidative metabolism of hexadecane. The time course of the RQ during cultivation indicates two phases of substrate metabolism in cultures with 1 to 80% DOT. In the first cultivation phase (up to about 100 h), during which most hexadecane was consumed, the RQ was below the theoretical value of 0.65 mol mol-1 for complete hexadecane oxidation. It ranged between 0.5 and 0.6 mol mol-1. In the later cultivation phase, the RQ exceeded the theoretical value and leveled off at about 0.75 mol mol-1 at the end of the cultivation time. In cultures with a DOT of 0.4%, the RQ was below the theoretical value during the whole cultivation time and ranged between 0.4 and 0.5 mol mol-1.
Mineralization. If hexadecane is mineralized aerobically during catabolism without producing biomass or other metabolites, the cells need 24.5 mol of oxygen per mol of hexadecane and produce 16 mol of carbon dioxide and 17 mol of H20. Taking these data into account, the degree of mineralization of the consumed substrate was calculated. Since biomass production was found in all cultures except the anaerobic ones, complete oxidation of hexadecane to carbon dioxide was not expected. In the range of 5 to 80% DOT, a mean mineralization of 70% was found, whereas at 1% and 0.4% DOT the mineralization was only 50% (Fig. 3) .
The calculated ratio between the amount of carbon dioxide produced per amount of hexadecane consumed (yield of CO2, grams per gram) and the calculated yield of protein (grams of protein produced per gram of hexadecane conThe aim of this investigation was to determine the degree and rate of hexadecane biodegradation and its dependence on different DOTs in seawater-sediment suspensions. Knowledge about the oxygen limitation of hydrocarbon biodegradation is important for strategies of remediation of spilled sediments. Previously published papers that deal with the dependence of the hexadecane degradation on the DOT do not contain data about degradation at DOTs near 0% (5, 15, 19, 26, 28) .
To verify these culture conditions it was necessary to regulate and keep constant DOTs near 0%. This could only be done with a fermentor system. The crucial point was the development of a special mass flow regulation system consisting of two independent gas lines that allowed controlled mixing of a commercially available control gas (2% oxygen in nitrogen) with pure nitrogen.
These investigations showed that the total amount of degraded hexadecane was constant at 86% (Fig.  5) .
The above-mentioned data do not explain why the oxidation of the consumed hexadecane does not depend on DOT. To determine this, other parameters like the oxygen affinity of the oxygen-dependent enzymes of hexadecane oxygenation have to be considered. In oxygen-saturated seawater with a salinity of 3% (in equilibrium with the atmosphere), the oxygen concentration is 210 ,umol of 02 per liter (20°C). If the DOT is adjusted to 1%, 2.1 x 10-6 mol of 02 per liter is obtained. If hydroxylation is the rate-determining reaction in aerobic hexadecane degradation, the corresponding enzymes must be completely active at this oxygen concentration. Because of the problems involved in determinations of very small oxygen concentrations, little is known about the oxygen dependence (Michaelis constant) of the oxygenase enzymes. The Michaelis constant is assumed to range from 10 x 10-6 to 100 x 10-6 mol liter-1 (8, 24) . These values are higher than the molar oxygen concentrations at 0.4 and 1% DOT achieved in our experiments. The data are only rough estimates, since the Michaelis constant normally is determined with isolated enzymes. In the experiments described above, intact whole cells of microbial populations were used.
With regard to the estimation of Km values in sediment suspensions containing hydrocarbons, it is important to know whether oxygen is accumulated in the hydrophobic micromilieu of the cells and in the hydrocarbon coat of the sediment particles at concentrations high enough to affect oxygenase reactions. This question and the question of whether the oxygenases are fully active with oxygen concentrations below their determined Km need further investigation to help us understand degradation processes in sediments with low oxygen concentrations.
The experiments described here revealed that aerobic hexadecane biodegradation proceeds unaffected when the oxygen tension is lowered to 5% of the saturation concentration. Even if the DOT is lowered to 1% of saturation, the influence is negligible; a further diminution to 0.4% DOT alters the degradation kinetics but does not alter the degradation rate. These results cast new light on the conditions to be maintained during sediment remediation. It is significant that these results were achieved with the model substance hexadecane and not with petrochemical products or crude oil.
